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1
METHOD AND APPARATUS FOR INVERTER
OUTPUT CURRENT HARMONIC
REDUCTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims benefit of U.S. provisional patent
application Ser. No. 61/694,022, filed Aug. 28,2012, which is
herein incorporated in its entirety by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

Embodiments of the present disclosure relate generally to
power conversion and, in particular, to reducing harmonics in
output current from a power conversion module.

2. Description of the Related Art

Solar panels, or photovoltaic (PV) modules, convert energy
from sunlight received into direct current (DC). The PV mod-
ules cannot store the electrical energy they produce, so the
energy must either be dispersed to an energy storage system,
such as a battery or pumped hydroelectricity storage, or dis-
persed by a load. One option to use the energy produced is to
employ one or more inverters to convert the DC current into
an alternating current (AC) and couple the AC current to the
commercial power grid. The power produced by such a dis-
tributed generator (DG) system can then be sold to the com-
mercial power company.

During the power conversion process, non-ideal circuit
behavior may result in undesirable harmonics in the gener-
ated output current. Further, inverter output current coupled
to a commercial power grid must comply with restrictions
regarding harmonics as specified in relevant regulatory
requirements, such as IEEE-1547-2003. One technique for
reducing inverter output current harmonic distortion is to use
passive filtering. Due to the relatively low frequencies of
some harmonic components, the components required for the
passive filters would be bulky and expensive, leading to an
undesirable increase in size and cost of the inverter.

Therefore, there is a need for a method and apparatus for
efficiently reducing distortion in output current from a power
conversion module.

SUMMARY OF THE INVENTION

Embodiments of the present invention generally relate to a
method and apparatus for reducing harmonic distortion sub-
stantially as shown in and/or described in connection with at
least one of the figures, as set forth more completely in the
claims.

These and other features and advantages of the present
disclosure may be appreciated from a review of the following
detailed description of the present disclosure, along with the
accompanying figures in which like reference numerals refer
to like parts throughout.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the above recited features of
the present invention can be understood in detail, a more
particular description of the invention, briefly summarized
above, may be had by reference to embodiments, some of
which are illustrated in the appended drawings. It is to be
noted, however, that the appended drawings illustrate only
typical embodiments of this invention and are therefore not to
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be considered limiting of its scope, for the invention may
admit to other equally effective embodiments.

FIG. 1 is a block diagram of a distributed generator (DG)
system in accordance with one or more embodiments of the
present invention;

FIG. 2 is a block diagram of an inverter in accordance with
one or more embodiments of the present invention;

FIG. 3 is a flow diagram of a method for generating har-
monic compensation in output current from a power conver-
sion module in accordance with one or more embodiments of
the present invention; and

FIGS. 4a-4d comprise a plurality of graphs depicting har-
monic compensation generated in accordance with one or
more embodiments of the present invention.

DETAILED DESCRIPTION

FIG. 1 is a block diagram of a distributed generator (DG)
system 100 in accordance with one or more embodiments of
the present invention. This diagram only portrays one varia-
tion of the myriad of possible system configurations. The
present invention can function in a variety of distributed
power generation environments and systems.

The DG system 100 (“system 100”") comprises a plurality
of'inverters 102-1, 102-2 . . . 102-z, collectively referred to as
inverters 102 (or power conversion modules 102), a plurality
of PV modules 104-1, 104-2 . . . 104-%, collectively referred
to as PV modules 104, an AC bus 110, and a load center 114.

Each inverter 102-1, 102-2, 102-3, . . . 102-z is coupled to
a PV module 104-1, 104-2, 104-3, . . . 104-7, respectively, in
a one-to-one correspondence. In some embodiments, a DC-
DC converter may be coupled between each PV module 104
and each inverter 102 (e.g., one DC-DC converter per PV
module 104). Alternatively, multiple PV modules 104 may be
coupledto a single inverter 102 (i.e., a centralized inverter); in
some such embodiments, a DC-DC converter may be coupled
between the PV modules 104 and the centralized inverter.

The inverters 102 are coupled to the AC bus 110, which in
turn is coupled to the load center 114. The load center 114
houses connections between incoming power lines from a
commercial power grid distribution system and the AC bus
110. Each PV module/inverter pair forms a power condition-
ing unit (PCU) 106 for generating AC power; e.g., PCU 106-1
comprises PV module 104-1 and inverter 102-1. For each
PCU 106, the corresponding inverter 102 converts DC power
from the coupled PV module 104 into AC power and meters
out AC current that is in phase with the AC commercial power
grid voltage.

The PCUs 106 form a string 108 and couple the generated
AC power to the commercial power grid via the load center
114. Additionally or alternatively, the generated power may
be coupled to appliances, and/or energy generated may be
stored for later use; for example, the generated energy may be
stored utilizing batteries, heated water, hydro pumping, H20-
to-hydrogen conversion, or the like. In some embodiments,
one or more additional strings 108 may be present in the
system 100 and/or the system 100 may comprise other types
of renewable energy generators in addition to or in place of
the PV modules 104, such as wind turbines, hydroelectric
systems, or the like.

The system 100 further comprises a control module 112
coupled to the AC bus 110. The control module 112 is capable
ofiissuing command and control signals to the inverters 102 in
order to control the functionality of the inverters 102, receiv-
ing data transmitted by the inverters 102, and/or monitoring
one or more parameters of the inverters 102.
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In accordance with one or more embodiments of the
present invention, the inverters 102 each employ an active
harmonic reduction technique to compensate for predictable
output current aberrations by pre-distorting the commanded
inverter output current waveform with pre-determined har-
monic components. Such pre-determined harmonic compo-
nents are injected into the AC line, thereby reducing or elimi-
nating the undesired harmonics. For example, the undesired
harmonics may be reduced to a level below a threshold
required by relevant regulatory standards.

In order to determine and control the harmonic content of
the generated output current, a predictive technique is
employed in some embodiments using a priori knowledge of
the distortion caused by the inverter’s power conversion mod-
ule topology (e.g., notching of the output current waveform
near the zero-crossings) to predict harmonic compensation
components—i.e., compensating distortion components to
counteract the generated harmonics. The inverter 102 may
then be pre-loaded with the determined harmonic compensa-
tion components (i.e., the inverter 102 is pre-loaded with a
distorted sine wave, such as a full or half-sine wave, which
contains the determined harmonic compensation compo-
nents), or the harmonic compensation components (i.e., the
distorted sine wave) may be communicated to the inverter 102
(e.g., by the control module 112), and the inverter 102 may
then generate the desired harmonic compensation without
requiring feedback of either inverter output current or output
voltage.

In other embodiments, inverter output current may be
monitored and used to determine the harmonic compensation
components. For example, each inverter 102 may measure its
output current and determine corresponding harmonic com-
pensation components, which may then be periodically
updated (e.g., upon activation of the inverter 102 each morn-
ing). Alternatively, the control module 112 may determine
harmonic compensation components (e.g., the control moni-
tor 112 may measure the current from the inverters 102 and
use such information to determine the harmonic compensa-
tion components) and communicate the determined compo-
nents to the inverters 102, for example upon initial activation
of the inverters 102 each morning.

FIG. 2 is a block diagram of an inverter 102 in accordance
with one or more embodiments of the present invention. The
inverter 102 comprises a power conversion module 202, an
AC current sampler 224, and a controller 204.

The power conversion module 202 is coupled to the PV
module 104 and the controller 204 and converts DC current
from the PV module 104 to AC output current as controlled by
the controller 204. The AC current sampler 224 is coupled to
an output terminal of the power conversion module 202, as
well as the controller 204. The AC current sampler 224
samples the AC current at the output of the power conversion
module 202, for example at a rate of 30.72 kHz, and provides
the sampled AC current and values to the controller 204. The
input signals to the AC current sampler 224 may be filtered,
for example via traditional analog filter techniques, digital
signal processing, or similar techniques, and an analog-to-
digital (A/D) conversion is performed utilizing standard ND
technology. The resulting instantaneous values, or samples,
of AC current are coupled to the controller 204 and may be
used for the DC to AC conversion and/or for harmonic reduc-
tion.

The controller 204 may be comprised of hardware, soft-
ware, or a combination thereof, and comprises at least one
central processing unit (CPU) 210 coupled to support circuits
212 and memory 214. The CPU 210 may comprise one or
more conventionally available microprocessors, microcon-

10

20

25

40

45

4

trollers, processors, combinations thereof and the like, which
are configured to execute non-transient software instructions
to perform various tasks in accordance with the present inven-
tion and are capable of performing the processing described
herein. In some embodiments, the CPU 210 may be a micro-
controller comprising internal memory for storing controller
firmware that, when executed, provides at least a portion of
the functionality described below with respect to FIG. 3.
Alternatively, the CPU 210 may include one or more appli-
cation specific integrated circuits (ASICs).

The support circuits 212 are well known circuits used to
promote functionality of the CPU 210. Such circuits include,
but are not limited to, a cache, power supplies, clock circuits,
buses, network cards, input/output (I/O) circuits, and the like.
The controller 204 may be implemented using a general pur-
pose computer that, when executing particular software,
becomes a specific purpose computer for performing various
embodiments of the present invention.

The memory 214 may comprise random access memory,
read only memory, removable disk memory, flash memory,
and various combinations of these types of memory. The
memory 214 is sometimes referred to as main memory and
may, in part, be used as cache memory or buffer memory. The
memory 214 generally stores the operating system (OS) 216
of'the controller 204. The OS 216 may be one of a number of
commercially available such as, but not limited to, Linux,
Real-Time Operating System (RTOS), and the like. The
memory 214 stores non-transient processor-executable
instructions and/or data that may be executed by and/or used
by the CPU 210. These processor-executable instructions
may comprise firmware, software, and the like, or some com-
bination thereof.

The memory 214 may store various forms of application
software, such as a conversion control module 218 for pro-
viding operative control of the power conversion module 202
and driving the power conversion module 202 to generate a
commanded AC current waveform and to inject the generated
AC current in phase with the grid as required by the relevant
standards.

The memory 214 further stores a harmonic reduction mod-
ule 220 for pre-distorting the commanded output current
waveform with pre-determined harmonic compensation
components to compensate for undesirable harmonics in the
generated output current, for example undesirable harmonics
caused by non-ideal circuit behavior of the power conversion
module 202. The harmonic compensation components are
injected onto the AC line with respect to the existing harmonic
components. In some embodiments, the harmonic reduction
module 220 may comprise a look-up table storing pre-deter-
mined harmonic compensation components (i.e., a pre-dis-
torted full or half-sine wave), as described further below with
respect to FIG. 3. In one or more embodiments, the harmonic
reduction module 220 may determine harmonic components
of the inverter output current waveform (e.g., the amplitudes
of the harmonic components may be analytically calculated
based on the inverter output current waveform) and/or deter-
mine the corresponding harmonic compensation compo-
nents.

The memory 214 further stores a database 222 for storing
data, such as data related to operating the power conversion
module 202 as well as data for use in reducing undesired
harmonics in accordance with the present invention.

FIG. 3 is a flow diagram of a method 300 for generating
harmonic compensation in output current from a power con-
version module in accordance with one or more embodiments
of the present invention.
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In some embodiments, such as the embodiment described
below, a power conditioning unit (PCU) comprises a photo-
voltaic module (PV module) coupled to an inverter for con-
verting DC input from the PV module to AC current (e.g., the
PCU 106 comprising the PV module 104 and the inverter
102). The PCU is coupled along with one or more other PCUs
to a commercial AC power grid via an AC bus, and the AC
current generated by the PCU is coupled to the grid (e.g., the
string 108 of the system 100). In some other embodiments,
one or more PV modules may be coupled to a single inverter
(i.e., a centralized inverter). In some alternative embodi-
ments, other types of renewable energy generators may be
utilized in addition to or in place of the PV modules, such as
wind turbines, hydroelectric systems, or the like.

Although the method 300 is described below with respect
to a single inverter, the method 300 may be applied with
respect to each inverter within the string.

The method 300 starts at step 302 and proceeds to step 304.
At step 304, an inverter output current waveform is deter-
mined. In some embodiments, the current waveform may be
analytically modeled, for example based on knowledge of
actual output current from one or more inverters. In other
embodiments, the current waveform may be empirically
determined by measuring the output current from one or more
inverters. For example, current samples from the AC current
sampler 224 may be used in determining the output current
from the inverter 102, a controller coupled to one or more
inverters (such as controller 112) may measure inverter out-
put current, or a separate current monitor may be coupled at
the output of one or more inverters for measuring the output
current.

The method 300 proceeds to step 306, where a plurality of
harmonic components of the current waveform are deter-
mined. In some embodiments, the amplitude of each of the
harmonic components is calculated analytically based on the
current waveform determined in step 304; in other embodi-
ments, the amplitude of each of the harmonic components is
measured using a spectrum analyzer and inverter hardware.
Generally, a range of harmonic components are determined
from the 237 to the 39” harmonic (inclusive), although other
ranges of harmonics and/or specific harmonics may be deter-
mined.

The method 300 proceeds to step 308. At step 308, har-
monic compensation components are determined with
respect to each of the harmonics determined in step 306. In
some embodiments, amplitude and phase of each harmonic
compensation component many be tuned (e.g., hand-tuned)
such that the corresponding harmonics are eliminated or
reduced to a suitable level. In other embodiments, the har-
monic compensation components may be determined ana-
lytically, manually, or automatically via an optimization algo-
rithm (e.g., either separately or within the inverter).

The method 300 proceeds to step 310. At step 310, the
harmonic compensation components are stored for use within
one or more inverters. As previously described, the harmonic
compensation components may be pre-loaded into an inverter
(i.e., the inverter is pre-loaded with a distorted sine wave
which contains the determined harmonic compensation com-
ponents) or, alternatively, may be periodically computed (ei-
ther within the inverter or external to the inverter) and updated
in the inverter. The harmonic compensation components may
be stored in a look-up table format (i.e., a look-up table for a
full or half-sine wave containing all the compensation har-
monics); in some embodiments, the harmonic reduction mod-
ule 220 may be a look-up table comprising the harmonic
compensation components in a hardware implementation that
runs continuously while the power conversion module 202 is
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performing power conversion. The method 300 proceeds to
step 312. During operation of the inverter 102, the harmonic
compensation components are obtained from storage and
used to inject a compensating current (i.e., the compensating
current is superimposed on the current waveform generated at
the fundamental frequency) that reduces or eliminates the
undesired harmonics.

The method 300 proceeds to step 314 where it ends.

FIGS. 4a-4d comprise a plurality of graphs 400 depicting
harmonic compensation generated in accordance with one or
more embodiments of the present invention. FIG. 4a is a first
graph 402 that depicts a single cycle (i.e., from 0°-360° phase
along an x-axis) of anormalized inverter output current wave-
form 410 having a peak positive amplitude of “1”, a peak
negative amplitude of “~1”, and a zero-cross notching 418
(i.e., zero-crossing distortion) proximate the zero-crossing.
The inverter output current waveform 410 may be determined
as previously described with respect to the method 300.

FIG. 4bis a second graph 404 that depicts the amplitude for
aplurality of harmonic components 412-0, 412-1, . . . 412-40,
collectively referred to as harmonic components 412. The
harmonic components 412-0 through 412-40 are depicted
sequentially along an x-axis of the graph 404 and are deter-
mined from the inverter output current waveform 410, for
example as previously described with respect to the method
300. For each of the harmonic components 412, the corre-
sponding amplitude is depicted along a y-axis of the graph
404 as a percentage of the amplitude of the fundamental
frequency waveform.

FIG. 4c is a third graph 406 depicts a normalized injected
compensation current 414 over a 0°-360° phase range along
anx-axis. The injected compensation current 414 is generated
based on harmonic compensation components determined to
reduce or eliminate one or more of the harmonic components
412, for example the harmonic components from the 2377
order to the 39" order (inclusive), and is depicted with the
fundamental removed. Such harmonic compensation compo-
nents are determined and stored as previously described with
respect to the method 300.

FIG. 44 is a fourth graph 408 depicts the amplitude for a
plurality of harmonic components 416-0, 416-1, . . . 416-40,
collectively referred to as harmonic components 416, follow-
ing harmonic compensation (i.e., following injection of the
compensation current 414). The harmonic components 416-0
through 416-40 are depicted sequentially along an x-axis of
the graph 408 with the corresponding amplitude depicted
along the y-axis of the graph 408 as a percentage of the
amplitude of the fundamental frequency waveform. As shown
in the graph 408, harmonic components from the 237 order to
the 39 order (inclusive) have an amplitude of or near zero
and are thereby eliminated or reduced to a suitable level.

The foregoing description of embodiments ofthe invention
comprises a number of elements, devices, circuits and/or
assemblies that perform various functions as described.
These elements, devices, circuits, and/or assemblies are
exemplary implementations of means for performing their
respectively described functions.

While the foregoing is directed to embodiments of the
present invention, other and further embodiments of the
invention may be devised without departing from the basic
scope thereof, and the scope thereof is determined by the
claims that follow.

The invention claimed is:

1. A method for reducing harmonic distortion, comprising:

determining an inverter output current waveform charac-
terized by notching proximate respective zero crossings,
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wherein each notch corresponds to distortion associated
with operation of an inverter;

determining a plurality of harmonic components of the

inverter output current waveform, at least some har-
monic components of the plurality of harmonic compo-
nents resulting from the distortion;

determining, based on the plurality of harmonic compo-

nents, a plurality of harmonic compensation compo-
nents; and

generating, by an inverter coupled to a distributed genera-

tor having at least one energy generator module, a com-
pensating current comprising the plurality of harmonic
compensation components.

2. The method of claim 1, wherein the inverter output
current waveform is determined by analytical modeling based
on an output current from one or more inverters.

3. The method of claim 1, wherein the inverter output
current waveform is empirically determined by measuring an
output current from one or more inverters.

4. The method of claim 1, wherein an amplitude of each
harmonic component of the plurality of harmonic compo-
nents is analytically calculated based on the inverter output
current waveform.

5. The method of claim 1, wherein an amplitude of each
harmonic component of the plurality of harmonic compo-
nents is measured for determining the plurality of harmonic
compensation components.

6. The method of claim 1, wherein amplitude and phase of
each harmonic compensation component of the plurality of
harmonic compensation components are manually tuned to
reduce a corresponding harmonic component.

7. The method of claim 1, further comprising storing the
plurality of harmonic compensation components in the
inverter coupled to the distributed generator.

8. The method of claim 7, wherein the plurality of har-
monic compensation components are stored in a look-up
table.

9. The method of claim 7, wherein the compensating cur-
rent is superimposed on a current waveform, and wherein the
current waveform is at a fundamental frequency of an AC line
coupled to an output of the inverter coupled to the distributed
generator.

10. The method of claim 1, wherein the plurality of har-
monic components are 23"-39” order harmonics.

11. An apparatus for reducing harmonic distortion, com-
prising:

an inverter coupled to a distributed generator, wherein the

inverter comprises:
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a harmonic reduction module for storing a plurality of
harmonic compensation components,
wherein the plurality of harmonic compensation com-
ponents are determined based on a plurality of har-
monic components of an inverter output current
waveform characterized by notching proximate
respective zero crossings such that each notch cor-
responds to distortion associated with operation of
an inverter, and
wherein at least some harmonic components of the
plurality of harmonic components result from the
distortion; and
apower conversion module for generating a compensat-
ing current comprising the plurality ot harmonic com-
pensation components.

12. The apparatus of claim 11, wherein the inverter output
current waveform is determined by analytical modeling based
on an output current from one or more inverters.

13. The apparatus of claim 11, wherein the inverter output
current waveform is empirically determined by measuring an
output current from one or more inverters.

14. The apparatus of claim 11, wherein an amplitude of
each harmonic component of the plurality of harmonic com-
ponents is analytically calculated based on the inverter output
current waveform.

15. The apparatus of claim 11, wherein an amplitude of
each harmonic component of the plurality of harmonic com-
ponents is measured for determining the plurality of har-
monic compensation components.

16. The apparatus of claim 11, wherein amplitude and
phase of each harmonic compensation component of the plu-
rality of harmonic compensation components are manually
tuned to reduce a corresponding harmonic component.

17. The apparatus of claim 11, wherein the harmonic
reduction module stores the plurality of harmonic compen-
sation components.

18. The apparatus of claim 17, wherein the harmonic
reduction module comprises a look-up table for storing the
plurality of harmonic compensation components.

19. The apparatus of claim 18, wherein the compensating
current is superimposed on a current waveform, and wherein
the current waveform is at a fundamental frequency of an AC
line coupled to an output of the power conversion module.

20. The apparatus of claim 11, wherein the plurality of
harmonic components are 23"-39% order harmonics.
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